Introduction
Marine, brackish, freshwater and terrestrial deposits characterize the sedimentary record of the Swiss and South German Molasse Basin in the North Alpine Foreland Basin during the Miocene Climate Optimum (late Early Miocene-early Middle Miocene). However, the chronostratigraphic age of the Molasse sediments is often unclear, and interpretation of palaeoenvironmental evidence derived from fossils in the context of regional and global climate change remains difficult. This is particularly true for the continental deposits of the largely Middle Miocene Upper Freshwater Molasse (OSM), because the OSM, and isotope data have also been used for palaeoclimate reconstructions (Reichenbacher et al., 2004; Tütken et al., 2006) . All these studies produced evidence for a warm-temperate to subtropical climate with periods of seasonality and aridity, but correlation between regional climate trends and global climate change is complicated by truncation of sections and ambiguities in the biostratigraphic data (see Reichenbacher et al., 2013) .
This study is based on the Schmiedrued-Pfyffrüti (SP) section in the Molasse Basin of Central Switzerland (Fig. 1) , where sediments of the OSM datable to the late Early Miocene and early Middle Miocene (c. 16.1-15.7 Ma) are exposed (see below). The objective of our study is to describe fossil biota from three different levels in superposition (Fig. 2) and review their implications for palaeoenvironment and palaeoclimate in the North Alpine Foreland Basin during the interval considered. The study focuses on the vertebrate material (otoliths and teeth of fish, bones and teeth of reptiles and amphibians, fragments of a turtle eggshell, and small-mammal teeth), but charophytes and molluscs are also considered.
Geological setting
The Swiss and South German Molasse Basin is part of the North Alpine Foreland Basin extending from Lake Geneva in the West to the Vienna Basin in the East. The oldest Molasse sediments date from the Early Oligocene, while the youngest deposits are Late Miocene in age (e.g. Doppler et al., 2005) . Erosional debris from the uplifting Alps was the main source for the sediments in the Molasse Basin, with lesser amounts of material being derived from sources to the North; directions of sediment transport were axial and radial (e.g. Kuhlemann and Kempf, 2002; Lemcke, 1988) . Four main lithostratigraphic groups have been established, comprising (from bottom to top) the Lower Marine Molasse, the Lower Freshwater Molasse, the Upper Marine Molasse, and the Upper Freshwater Molasse (Doppler et al., 2005; Lemcke, 1988) .
Deposition of the continental Upper Freshwater Molasse (OSM) had begun by the late Early Miocene and continued until the Late Miocene (Doppler et al., 2005; Heissig, 1997; Lemcke, 1988) . The most widespread OSM sediments in the Molasse Basin are of fluvial origin and derive from a large, NE-SW flowing river system (Glimmersandfluss). These sediments can reach a few hundreds of metres in thickness, and usually consist of pebbles, sands and silts (Berger et al., 2005; Lemcke, 1988) . In addition, thick conglomerates occur along the proximal and distal margins of the Molasse Basin, and represent alluvial fans from the Alps and the northern mainland, respectively (e.g. Berger et al., 2005; Lemcke, 1988; Scholz, 1989) . Lacustrine sediments may reach a few decimetres to metres in thickness and consist of marls, silts, clays and limestones that were deposited in perennial lakes or ephemeral ponds (Böhme, 2010; Böttcher et al., 2009; Rasser et al., 2013; Reichenbacher et al., 2004; Reichenbacher and Prieto, 2006) ; overall, this type of sediment is rare among OSM deposits. Terrestrial sediments are mainly represented by soils that are occasionally intercalated in the fluvial successions (Böhme, 2003; Prieto et al., 2009 ).
Materials and methods

Study site
The Schmiedrued-Pfyffrüti (SP) outcrop studied here is located in the Swiss Molasse Basin, within the distal part of the Napf fan in Central Switzerland (47°16.495′N, 8°7.021′E) (Fig. 1) . It is about 100 m thick and comprises~57 m of Upper Marine Molasse and~43 m of Upper Freshwater Molasse (OSM). The lower part of the OSM has been investigated using bio-, litho-and magnetostratigraphy; a normal polarity interval corresponding to chron 5Cn1n (late Early Miocene) was recorded for the OSM base, while a reversed interval followed above it and was correlated to chron 5Br (early Middle Miocene) see here Fig. 2) .
The OSM sediments of SP consist of fine to medium-grained sandstones and grey to greenish mottled silts and clays with pedogenetic overprint (Graf et al., 2012) (Fig. 2) . Intercalated, dark-coloured, fossiliferous levels with macroscopically visible gastropod shells (Fig. 3 ) occur at 618 m, 640 m, and 642 m. These levels yielded the fossil biota studied here. Based on bio-and magnetostratigraphic data, SP 618 is c. 16.1-16.2 m.y. old (late Early Miocene), while SP 640 and 642 are c. 15.7-15.8 m.y. old (early Middle Miocene); SP 640 corresponds to the small-mammal unit (lower) MN 5 and to the otolith zone OT-M5b .
Materials and methods
A total of 950 kg of sediment was collected from the fossiliferous levels (SP 618, 500 kg; SP 640, 250 kg; SP 642, 200 kg). Samples were processed by soaking in hydrogen peroxide solution for several hours, and washed through 300 μm and 400 μm mesh sieves. The remaining material was dried in air and all microfossils down to a grain size of 400 μm were picked; material of smaller sizes was picked from representative splits of the samples. Identification of fossil taxa was based on morphological characters and morphometric analysis of specimens examined by stereo-or scanning-electron microscopy. Photographs of the fossil bones and otoliths were taken with Leica DVM 5000 and M165C digital microscopes, respectively. SEM pictures and thin sections of two eggshell samples were prepared by Ralf Kohring (FU Berlin). The actualistic method, which assumes that the ecological demands of any given fossil species were similar to those of its nearest living relative, was employed for palaeoecological reconstructions (e.g. Etter, 1994) . This approach is especially well suited for the analysis of Miocene and younger palaeoecosystems, because the ecological requirements of Miocene or younger taxa are indeed likely to have been very similar to those of their nearest extant relatives.
The otoliths, fish teeth and reptile remains figured here are kept in the Bavarian State Collection for Palaeontology and Geology (SNSB-BSPG 2015 IV) and figured mammal teeth are deposited in the Natural History Museum Basel (NHM Sdr. 1-3). All other material is part of the private collection of J. Jost (Zofingen).
Results
Charophytes, invertebrates
Charophytes are largely absent in SP 618, but occur abundantly in SP 640 and 642 (Table 1) .
The gastropod fauna could be identified only at genus level because most specimens were fragmented. Both freshwater gastropods (Bithynia, Ferrissia, Stagnicola, Gyraulus, Planorbarius) and terrestrial taxa are present (Vallonia, Limax, Helicacea indet., Oxychilidae indet.). Freshwater gastropods are rare in SP 618, whereas they are abundant in SP 640 and 642 (Table 1) . Terrestrial gastropods are more abundant in SP 618 and SP 640 than in SP 642. Unionidae are the sole representatives of bivalves and are restricted to SP 642. Graf et al., 2012, modified) and magnetostratigraphic pattern and chronostratigraphic position according to Reichenbacher et al. (2013) . Schmiedrued-Pfyffrüti 618 yielded no fish remains. In contrast, SP 640 revealed a moderately diverse fish fauna (otoliths, teeth) consisting of four taxonomic and ecological groups, i.e. (i) Cyprinidae, a primary freshwater group, (ii) Cyprinodontiformes, an euryhaline and typically highly opportunistic group, (iii) Gobiiformes, a primary marine group when one considers the most speciose family Gobiidae, and (iv) Channa elliptica von Salis, 1967 , a member of the amphibious snakeheads (Channidae) (Figs. 4-5) . The cyprinids can be recognized owing to the typical shape of their pharyngeal teeth (Fig. 6a-b ) and based on utricular otoliths (lapilli), while the identification of the remaining groups is based on saccular otoliths (sagittae, termed otolith in the following, if not mentioned otherwise). Schmiedrued-Pfyffrüti 642 harbours a fish fauna of very low diversity made up of Channa sp. and the same cyprinid taxa as those found in SP 640 (Table 1 ). The small sizes of utricular and saccular otoliths and teeth (usually b2 mm) indicate that, with the exception of the predatory snakehead, all fish species were small, ranging from 5 to 15 cm in total length.
The fish fauna of Schmiedrued-Pfyffrüti 640
The otoliths of the Cyprinodontiformes are similar to those of Aphanolebias konradi (Reichenbacher, 1988) , but display considerable variation in overall shape (high-triangular to low-triangular, Fig. 4a-b ) and rostrum length (equal to antirostrum or longer than antirostrum, Fig. 4a-g ) (otoliths of A. konradi from other sites are illustrated in Jost et al., 2006; Reichenbacher, 1993) . Taking the variation of the aforementioned otolith characters into account, the otoliths presented here are interpreted as representing a species flock, i.e. a monophyletic group of species closely related to A. konradi (definition of species flock follows Greenwood, 1984) . Furthermore, about 10% of the otoliths exhibit pronounced mineralization of the posteroventral segment of the outer face, recognizable as a hump-like structure (Fig. 4e2, f2 ). Such mineralization has not been observed in any otoliths of A. konradi from other sites, but appears also in some 5% of the gobiiform otoliths, which are thicker than their normally mineralized counterparts ( Otoliths assigned to the genus Gobius have been described from several other Miocene sites in the Swiss and South German Molasse Basin (Jost et al., 2006; Reichenbacher, 1993; Salis, 1967) . Note that we use here the name Gobius in a wider sense (sensu lato) due to the difficulties involved in the identification of fossil gobiiforms at the genus or even at the family level (see Gierl et al., 2013) . In addition, the species previously determined as Gobius brevis (Agassiz, 1839) is currently in revision and actually represents a new genus (Gierl and Reichenbacher, in press); we refer to it as "Gobius" brevis in this study. Note also that Gobius latiformis Reichenbacher & Weidmann, 1992 is a junior synonym of "G." brevis (see Reichenbacher et al., 2007) .
The otoliths of "G." brevis are characterized by a quadratic or rectangular shape and possess a well-developed rounded or tapering posterodorsal projection; the anteroventral projection, when present, is short ( Fig. 4h-j) . Otoliths assigned here to "G." aff. brevis differ from the nominal species in displaying a wide but short posterodorsal projection ( Fig. 4k-m) . The other three species of gobiiform fishes, i.e. Gobius gregori Reichenbacher, 1993 , Gobius helvetiae von Salis, 1967 and Gobius longus von Salis, 1967 (Fig. 4n-w) do not differ from their counterparts found at other, usually slightly older sites in the Molasse Basin (Jost et al., 2006; Reichenbacher et al., 2004) .
Moreover, several morphotypes can be distinguished among the gobiiform otoliths. Seven morphotypes are depicted here ( Fig. 5a-g ), but it would be possible to differentiate several more. Their nomenclature is left open until data on degrees of intra-and interspecific variation in extant species becomes available. The otolith of morphotype 1 (Fig. 5a ) is similar to "G." aff. brevis, but differs from it in having a less straight anterior margin and a distinct constriction in the middle of the sulcus. Morphotype 2 (Fig. 5b ) resembles G. helvetiae, but its dorsal margin displays a prominent projection in the middle and its posteroventral angle is rounded (vs. angular in G. helvetiae). Morphotype 3 (Fig. 5c ) cannot be assigned to any of the known species due to its steeply ascending predorsal margin. Morphotype 4 ( Fig. 5d) is similar to "G." brevis, but differs in having a narrower sulcus than that seen in "G." brevis. Morphotype 5 (Fig. 5e ) appears intermediate between morphotypes 3 and 4, but displays a different curvature of the dorsal margin. Morphotype 6 (Fig. 5f ) cannot be assigned to any of the known species due to its quadratic shape and crenulated dorsal margin. Morphotype 7 (Fig. 5g) is similar to "G." brevis and also to morphotype 4, but differs from "G." brevis because the sulcus is narrower, and differs from both in possessing a strong preventral process and a wavy curvature of the anterior margin. Aphanolebias konradi (Reichenbacher, 1988) [euryhaline]
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Amphibians and reptiles (teeth, bones)
The herpetofaunal assemblages in the three levels studied consist largely of teeth and jaw remains of taxa that were widely distributed in Central Europe during the Middle Miocene (Fig. 6) . The species diversity is comparatively low (Table 1) . Remains of an aquatic salamander (Proteidae indet., SP 618, SP 640) are the sole records of amphibians. Eight taxa of reptiles are present, including a crocodile (Crocodylia indet., SP 640, 642), snakes (SP 642), and two subterranean (Anguis sp., Amphisbaenidae indet., SP 618) and four heliophilic lizard taxa (Gekkonidae indet., SP 642; Ophisaurus sp., SP 618; Bavaricordylus sp., SP 642; Lacertidae indet., SP 618, SP 642) (ecological definitions follow Böhme et al., 2006) .
Turtle eggshells
Eggshell fragments occur in all studied levels. Two specimens from SP 640 were investigated in detail and can be assigned to the Oofamily Testudoolithidae Hirsch, 1996 (Fig. 7a-d) . The eggshell is 400 μm thick with tightly packed shell units that exhibit a height-to-width ratio of 1.9:1-2.35:1. The shell units are made up of tightly interlocking acicular crystals that radiate from the nucleation site (Fig. 7c) , which is consistent with rigid eggshell from fossil and extant turtles (Hirsch, 1983 (Hirsch, , 1996 Schleich and Kästle, 1988) . Accretion lines and straight pores are identified in radial thin sections; pores have a diameter of 31 μm (Fig. 7d) . Tangential thin sections show approximately 20 pores per square millimetre.
The eggshell microstructure can be distinguished from the Oofamily Testudoflexoolithidae based on their tightly packed shell units and a shell unit height-to-width ratio that is greater than 1:1. Among oospecies assigned to the Testudoolithidae, these specimens differ from the two single records known from the European Miocene (S-Germany) in the greater thickness of their shells (400 μm vs. 300 μm) (see Schleich and Kästle, 1988, plates 44-45) and are most similar to Late Cretaceous specimens, Emydoolithus laiyangensis Wang et al., 2013 from China and Testudoolithus oosp. from Madagascar (Lawver et al., 2015) in their eggshell thickness and shell unit height-to-width ratio; although these specimens show much fewer pores.
Comparisons with extant turtle eggshell indicate that the studied specimens are similar to those taxa which produce rigid-shelled eggs, such as kinosternids, trionychids, dermatemydids, geoemydids and testudinids (Schleich and Kästle, 1988) . Although most of these taxa are characterized by eggshell that is thinner than the specimens studied here, Dermatemys mawii and some testudinids are most similar to them. However, because of the fragmentary nature of the studied specimens, and because associated embryonic or adult bones have not been found (see also Lawver and Jackson, 2014) , it is not possible to determine to which of these groups the specimens from SP 640 belong. Therefore, we refer the specimens to Testudoolithidae indet.
Small mammals
All three levels revealed low species diversity and similar sets of species (Table 1) . Schmiedrued-Pfyffrüti 618 has yielded the highest number of small-mammal teeth (n = 163), while 49 and 37 specimens were recovered from SP 640 and SP 642, respectively. The most abundant taxon is the cricetid Megacricetodon bavaricus Fahlbusch, 1964 (Fig. 8a) , which makes up (approximately) 53% of the mammalian teeth in SP 618, 61% in SP 640, and 46% in SP 642. A second species of cricetid, Democricetodon gracilis Fahlbusch, 1964 , occurs in SP 642 (Fig. 8b) . The glirid Miodyromys aff. aegercii Baudelot, 1972 (Fig. 8c ) and the lagomorph Prolagus oeningensis (König, 1825) are abundant in SP 618, and are also present in SP 640 and 642. Corroded teeth, most likely caused by digestion following predation (see Andrews, 1990) , appear in SP 618 (~10%), SP 640 (~14%) and SP 642 (~3%).
Discussion
Taphonomy
The presence of aragonitic fossils such as otoliths, turtle eggshell and gastropod shells, and the absence of sorting according to size, suggest that long-distance transport or reworking from much older strata is unlikely. On the other hand, co-occurrences of euryhaline and freshwater species and assemblages of terrestrial and aquatic taxa (see Table 1 ) point to mixtures of different communities in a dynamic environment, characterized by repeated oscillations between terrestrial, freshwater and slightly saline conditions. The fossil assemblages found in the three studied levels (SP 618, SP 640, SP 642) are therefore interpreted as autochthonous to parautochthonous. Moreover, among the remains of the small mammals, corroded teeth occur in SP 618 and SP 640 and proportions of corroded teeth (10% in SP 618, 14% in SP 640) correlate with the dominance of M. bavaricus within the respective smallmammal assemblages. This indicates that the mammalian material is partly derived from raptor pellets. Raptor pellets represent smallmammal assemblages adequately, but may not faithfully reflect the relative frequencies of species (Andrews, 1990) . Raptor pellets apparently made only a minor contribution to SP 642, as only a single tooth in the sample of the small-mammal remains from that level is corroded.
Palaeoenvironmental implications of SP 618 (late Early Miocene, c. 16.1 Ma)
Charophytes and freshwater gastropods are very rare and fish remains are completely absent. In contrast, remains of terrestrial vertebrates are abundant and generally well preserved. Thus, the fossil biota clearly indicates that SP 618 represents a terrestrial deposit, most likely a palaeo-soil. Fossorial/subterranean reptiles (Anguis sp., Amphisbaenidae indet.), together with the salamander, suggest that the soil was well oxygenated and well drained, which implies the nearby presence of a river and a humid climate. On the other hand, heliophilic taxa (Ophisaurus sp., Lacertidae indet.) point to open and drier habitats nearby. Their co-occurrence with fossorial/subterranean taxa can perhaps be explained by invoking deposition in raptor pellets, as discussed above for the mammalian tooth sample. The composition of the small-mammal fauna is comparable to those known from lake deposits such as Le Locle Sous le Stand C-13 (MN 7, Kälin et al., 2001) or Mauensee (MN 4b, Reichenbacher et al., 2005) .
Palaeoenvironmental implications of SP 640 (early Middle Miocene, c. 15.7-15.8 Ma)
A rich and well-preserved fish fauna (otoliths, teeth) characterizes the biota of this level. Charophytes and shells of freshwater gastropods are also abundant, but gastropod shells are usually fragmented. The presence of a crocodile confirms the aquatic environment indicated by the aforementioned taxa. Shells of land snails, fragments of eggshells of a turtle, and teeth of small-bodied mammals are the main representatives of the terrestrial biota. The co-occurrence of aquatic and terrestrial taxa suggests a freshwater pond or lake and shoreline vicinity. Warm water temperatures can be inferred from the presence of C. elliptica and the crocodile. Extant species of Channa Scopoli, 1777 inhabit warm freshwater ecosystems in Southeast Asia (see Böhme, 2004) , and extant crocodiles require a mean annual temperature (MAT) of ≥14.2°C (Markwick, 1998) .
The microstructure of the turtle eggshells (moderate thickness, numerous pores) suggests that they were produced by a species that was not especially adapted for arid environments. Numerous studies have documented the direct correlation between water vapour conductance and porosity with incubation environment for extant eggshells and have demonstrated its application towards the fossil record (Varricchio et al., 2013 and references therein). However, turtle eggshells are very scarce in the fossil record (Lawver and Jackson, 2014; Schleich and Kästle, 1988) and an oospecies ideally adapted to arid environments (with thick eggshells and relatively few pores) has not yet been reported from Paleogene or Neogene deposits. Thus, we have compared our Molasse turtle eggshell to Cretaceous specimens, which is appropriate because of the conservative nature of turtle eggshell composition and microstructure (Hirsch, 1983) . Testudoolithus jiangi Jackson et al., 2008 , which was discovered as an in situ clutch of eggs in alluvial deposits of the Cretaceous Tiantai Basin (Zhenjiang Province, China), is an example for an oospecies ideally adapted to arid environments; its eggshell has a thickness of 0.7-1.0 mm (vs. 0.4 mm for the eggshells presented here) and relatively few pores (Jackson et al., 2008) . Additionally, E. laiyangensis from the Late Cretaceous of China (Wang et al., 2013) and Testudoolithus oosp. from the Campanian of Madagascar (Lawver et al., 2015) have an eggshell thickness similar to that of the specimens studied here, but no pores were observed in either of these ootaxa, which suggests that these eggs were likely adapted to arid incubation environments and reduced water loss.
The fish fauna, however, is not suggestive of a typical freshwater habitat, because a single freshwater group (Cyprinidae, with two species) together with euryhaline forms such as Aphanolebias spp. and Gobius spp. are dominant (Table 1) . Extant species of the killifish genus Aphanius Nardo, 1827 that may represent the nearest living relatives of the extinct genus Aphanolebias Reichenbacher and Gaudant, 2003 thrive in ponds or slowly flowing streams along the Mediterranean and Persian Gulf coasts and in the highlands of Anatolia and Iran; they prefer habitats with unstable salinity and/or water temperature, where most other fishes cannot survive (e.g. Gholami et al., 2015; Teimori et al., 2012; Wildekamp, 1993) . Extant species of the Gobiidae, the most speciose family of the Gobiiformes, are usually distributed in shallow marine waters, but many species have adapted to brackish or freshwater habitats (e.g. Kottelat and Freyhof, 2007; Whitehead et al., 1986) . Three of the fossil gobiiform species presented here ("G." brevis, G. gregori, G. helvetiae) were probably brackish to euryhaline, since they are known from both brackish and lacustrine sediments, but the fourth species, G. longus, is usually found in freshwater sediments and most likely was a freshwater species (e.g. Jost et al., 2006; Reichenbacher, 1993; Salis, 1967) . Nevertheless, despite the abundance of euryhaline and primary marine fish, it is obvious that the area in which SP 640 was deposited was far from the sea, because Central Switzerland was continental during the early Middle Miocene (Berger et al., 2005: fig. 14) . The putative species flock of A. konradi and the co-existence of at least four species of gobiiform fishes point to a large heterogeneous pond or lake, but the absence of a more diversified freshwater fish fauna suggest that conditions may have become unfavourable for freshwater fishes from time to time.
Such a faunal composition, marked by the dominance of Cyprinidae, killifishes and gobiiform fishes, with other taxa being rare or absent, has not been reported previously from Molasse sediments. Indeed, a roughly comparable fish assemblage is only known from the evaporitic and post-evaporitic Upper Miocene (Messinian) sediments of the Mediterranean area (Gaudant, 2002) . These sediments represent a period of severe evaporation and accumulation of evaporites due to a salinity crisis lasting from~5.96 to~5.33 Ma, which resulted from tectonic activity and global climate change (Garcia-Castellanos and Villaseñor, 2011; Hsü et al., 1977; Jiménez-Moreno et al., 2013; Krijgsman et al., 1999) . The Messinian salinity crisis promoted the formation of brackish and hypersaline water bodies that gave rise to euryhaline fish assemblages of low diversity, in which Aphanius crassicaudus (Agassiz, 1839) was the dominant species and co-occurred with Gobius ignotus Gaudant, 1979 , while other (marine) fish species were rare (Gaudant, 2002) . Based on the similarities in the dominance of a killifish together with gobiiform fishes, it can be assumed that the habitats of the fish faunas of the evaporitic and post-evaporitic Messinian sediments and those from SP 640 had particular environmental features in common, of which the most significant were probably high rates of evaporation and associated effects on salinity and water level. Evaporation of the water body documented in SP 640 would have resulted in higher ion concentrations (e.g. Ca
2+
, Mg 2+ , Na + ) and increased salinity, and may eventually have led to conditions unfavourable for most freshwater fish and other freshwater organisms. Actualistic examples are the freshwater pools and streams in the semiarid regions of the Zagros Mountains (SW Iran), which, depending on annual precipitation, display highly variable concentration of ions and salinity, and harbour monospecific or very low-diversity fish assemblages dominated by species of Aphanius (Gholami et al., 2015; Teimori et al., 2014 ; unpublished data of BR). Moreover, the high mineralization seen in c. 10% of the otoliths of Aphanolebias and c. 5% of the gobiiform otoliths further supports the assumption of increased ion concentrations in the water body recorded in SP 640. Similarly thickened otoliths of a species of the primary marine Atherinidae have been reported from marls associated with desiccation cracks from the Lower Miocene (Aquitanian) of the Mainz Basin (Keller et al., 2002; Reichenbacher, 2000) . This implies that evaporitic conditions associated with increased Ca 2+ concentrations can cause enhanced mineralization of otoliths. Likewise, increased concentration of Ca 2+ in a water body can lead to thickening of the bones of a fish (Chang et al., 2008) . Several of the skeletons of both A. crassicaudus and Gobius spp. from the Late Messinian display an overall thickening of their bones, which apparently did not negatively affect the life of the fish (Gaudant, 2002; Meunier and Gaudant, 1987) . Thickening of the skeleton has also been described for a fossil cyprinid fish (Hsianwenia wui Chang et al., 2008) from the Pliocene of the Northern Tibetan Plateau, and was interpreted as resulting from high concentrations of Ca 2+ in the inland water bodies due to aridification (Chang et al., 2008) . Furthermore, a clear link between strongly calcified shells of fossil gastropods and enrichment of Ca 2+ due to evaporation has been found by Neubauer et al. (2013) . In summary, the depositional environment of SP 640 can be interpreted as a highly dynamic environment. As a consequence of seasonal aridity and evaporation the salinity changed repeatedly from freshwater to slightly saline, which resulted in biostratinomic mixing of euryhaline fishes and freshwater organisms. Such effects of evaporation in the early Middle Miocene of the North Alpine Foreland Basin are not unexpected, because seasonal aridity has previously been reported for this time span and this area based on ectothermic vertebrates (Böhme, 2003 (Böhme, , 2010 Böhme et al., 2011; Böttcher et al., 2009) , plant associations (Rasser et al., 2013) and high variation of oxygen isotopes derived from both fish otoliths (Reichenbacher et al., 2004) and other fossil remains (Tütken et al., 2006) . Most of these studies dealt with fossil assemblages that were younger than SP 640; thus SP 640 and probably the Randecker Maar fossil Lagerstätte (Rasser et al., 2013) may record the very first onset of seasonality in the Middle Miocene of the Molasse Basin. Miocene, Charophytes, freshwater gastropods, remains of Unionidae, pharyngeal teeth of cyprinids and terrestrial vertebrate remains are abundant and moderately to well preserved, but otoliths are almost absent (Table 1) . This fossil assemblage indicates a mixed environment in the vicinity of a river (because of the Unionidae) with an open hinterland (suggested by the heliophilic taxa). An equally warm or slightly warmer climate relative to SP 640 can be assumed because Channa, a crocodile and the girdled lizard Bavaricordylus are present. The girdled lizard family Cordylidae, now restricted to Africa, requires a MAT of ≥17°C (Haller-Probst, 1997); according to the actualistic approach we conclude that it is the most thermophilous element found at any of the levels studied here.
Palaeoenvironmental implications of SP 642 (early Middle
Palaeoclimate in the North Alpine Foreland Basin from the late Early Miocene to the early Middle Miocene
The onset of seasonal aridity in the early Middle Miocene, as suggested above, is consistent with previous precipitation estimates based on herpetofaunal assemblages from the Ichenhausen and Untereichen-Altenstadt sections in the South German Molasse Basin (Böhme et al., 2011) . The Ichenhausen section has yielded five levels with a fossil herpetofauna in superposition (ICH 1-3, ICH 6-7), while Untereichen-Altenstadt contained one level (UA 540) Böhme et al., 2011) .
According to the stratigraphic framework described in Reichenbacher et al. (2013) , levels ICH 1-3 correspond to the lowermost part of the Middle Miocene (c. 15.9-16.0 Ma), ICH 6 and UA 540 are approximate time-equivalents of SP 640-642 (c. 15.7-15.8) , and ICH 7 is clearly younger (c. 15.2-15.3). The herpetofaunal assemblage of ICH 1-3 is indicative for a humid climate, with mean annual precipitation (MAP) values varying between 923 and 1387 mm (Böhme et al., 2011) . The wet climate assumed for SP 618 (late Early Miocene) is in good agreement with this assumption. ICH 6 and UA 540, however, yielded herpetofaunas suggestive for an arid climate, with MAP values of 253 mm (ICH 6) and 153 mm (UA 540) (Böhme et al., 2011) . These precipitation estimates support the arguments presented here for the significance of evaporation for the approximately contemporaneous SP 640. The herpetofaunal assemblage of ICH 7 points to a subsequent sharp increase in humidity, with MAP values of c. 800 mm (Böhme et al., 2011) by c. 15.2-15.3 Ma.
During the Miocene Climate Optimum, the high-amplitude 400-and 100-kyr cycles of variability in Earth's orbital eccentricity exerted a powerful influence on the evolution of global climate (Holbourn et al., 2007) . Eccentricity forcing of climate variability has previously been reported for Middle Miocene lacustrine sediments from Spain (Abels et al., 2010; Krijgsman et al., 1994) and the Dinarides (south-eastern Croatia) (Mandic et al., 2011) , and for marine sediments of the Vienna Basin (Central Paratethys) (Hohenegger et al., 2008) . As pointed out above, the palaeoclimate of the Molasse Basin of Switzerland and Southwest Germany was humid during the late Early Miocene (SP 618, c. 16,1 Ma) and earliest Middle Miocene (ICH 1-3, c. 15.9-16.0 Ma). The onset of seasonality and low mean annual precipitation most likely ensued in the early Middle Miocene by c. 15.7-15.8 Ma (SP 640, ICH 6, UA 540). As a minimum of the 100-kyr eccentricity cycle has been dated to c. 15.75 Ma (Laskar et al., 2004) , it is likely that eccentricityforced global climate change was the main controlling factor in the environmental development of the OSM in the North Alpine Foreland Basin.
Summary and conclusion
Charophytes, gastropods and bivalves, fishes (teeth, otoliths), amphibians, reptiles and small mammals (teeth, jaw remains), as well as fragments of turtle eggshells have been recovered from three levels in superposition (618 m, 640 m, 642 m) within the Upper Freshwater Molasse of the site Pfyffrüti (SP) in the Molasse Basin of Central Switzerland. Co-occurrences of terrestrial, freshwater and euryhaline taxa in all three levels indicate repeated shifts from terrestrial to freshwater to slightly saline conditions as a consequence of fluctuations in precipitation and other climatic variables.
SP 618 represents the oldest time span, c. 16.1 Ma, and can be interpreted as a palaeo-soil that formed near a river in a largely humid climate.
SP 640 dates to c. 15.7-15.8 Ma, and was laid down in a freshwater to euryhaline lake environment with warm water temperatures. A putative species flock of the killifish Aphanolebias konradi and at least four species of Gobius and "Gobius" characterize its otolith-based fish fauna. Because other gobiiform genera that are currently difficult to identify may be present in this fauna, the genus name Gobius is used here sensu lato. Such a cohort has not been reported previously from any Molasse sediments, but is comparable to Upper Miocene (Messinian) fish faunas known from evaporitic and post-evaporitic sediments of the Mediterranean area. This indicates that the habitats of the early Middle Miocene in the Molasse Basin and those of the Messinian in the Mediterranean area shared some distinctive environmental features, most probably high rates of evaporation, higher ion concentrations and increased salinity. The enhanced mineralization seen in 5-10% of the otoliths from SP 640 fits well with this assumption because similarly enhanced mineralization has previously been reported for both gastropod shells and fish bones in habitats characterized by evaporitic conditions and increased Ca 2+ concentrations.
The uppermost level SP 642 represents a mixed environment in the vicinity of a river (presence of Unio) with an open hinterland (presence of heliophilic, ectothermic taxa). An equally warm or slightly warmer climate compared to SP 640 can be assumed because the girdled lizard Bavaricordylus is present; mean annual temperature may thus have been ≥17°C.
Comparison of precipitation estimates based on herpetofaunal assemblages from other sections in the Molasse Basin allows one to conclude that the palaeoclimate of the Molasse Basin of Switzerland and Southwest Germany was humid during the late Early Miocene (c. 16.1 Ma) and earliest Middle Miocene (15.9-16.0 Ma). Low mean annual precipitation most likely ensued in the early Middle Miocene by c. 15.7-15.8 Ma, with SP 640 and probably also the Randecker Maar fossil Lagerstätte representing the earliest onset of seasonality during that time span. Eccentricity-forced global climate change may have been the main controlling factor in the environmental development of the OSM in the Molasse or North Alpine Foreland Basin because a minimum of the 100-kyr eccentricity cycle has previously been reported at c. 15.75 Ma.
